Armored scale insects (Hemiptera: Diaspididae) are some of the most invasive insects in the world. These cryptic plant parasites are most often encountered in managed agricultural ecosystems, but very little is known about their distribution, abundance, and diversity in tropical rainforest canopies, where they are likely to have their highest diversity. Because these
ubiquitous insects are extreme generalists with undirected dispersal, their diversity (alpha and beta) accumulation can conceivably be modeled according to tenets derived from island biogeography theory. For example, one expectation is that older established trees should boast a higher species diversity and abundance than younger ones. Other aspects of island biogeography theory have been unexplored, especially in regards to expected phylogenetic patterns of community structure. In this study we combine an intense ecological survey with a community phylogenetics approach to examine these unexplored aspects. Specimens were collected in an intensive survey from both (1) a tropical rainforest canopy using a canopy access crane in the Daintree Rainforest in Australia; and (2) an adjacent five year-old reforestation plot that had a similar diversity and constituency as the mature plot. We use a combination of systematic environmental sampling and molecular and morphological species delimitation techniques to compare and contrast the abundance, diversity, and community phylogenetics of these two habitats in order to address this question.
BACKGROUND & INTRODUCTION

Armored Scale Insect Characterization
Armored scale insects (Hemiptera:Diaspididae) are some of the most invasive and bizarre plant parasites in the world (Anderson et. al. 2010) . Their cryptic nature and extremely small size (on the order of 200 microns) allows them to settle and feed on virtually any exposed portion of the plant. To date, at least 8,194 species have been described within 50 families (Morales et. al. 2016 ), though most of what we know about armored scale insects comes from agricultural or horticultural systems, where we most frequently encounter them. Armored scale insects are ubiquitous, having been characterized on every continent, except for Antarctica, with the capability of reaching extreme population sizes on individual hosts, a characteristic notorious to invasive pests. These miniscule organisms frequently evade quarantine and become invasive through global trade of plant material (Anderson et. al. 2010 ). Although we are becoming more familiar with these pests in an agrarian setting, we know very little about them in natural settings such as tropical rainforests, where they are believed to have actually originated.
Armored Scale Insect Life History and Biology
Although they are known as "crawlers" in their larval stage, first-instars are winddispersed and are capable of minimal mobility once they land on plant material. Females will settle and begin feeding on the contents of parenchyma cells using their stylet-like mouthpart. As second instars, they lose their eyes, legs, and antennae, becoming completely sessile for the duration of their lives . Such extremely reduced morphology as exhibited in adult females is a feature commonly seen in polyphagous insect pest species. They secrete a hard, shell-like covering over their dorsal aspect, giving them the name "armored scale Shapiro 4 insects." This cuticle incorporates plant matter, the exuviae of the previous instar, and a waxy, hydrophobic substance, which serves as protection and sealant to the plant material. Only their reproductive pygidium is exposed so that males can copulate. Because they are stationary, adult females are the most frequently encountered life stage, though their extremely reduced morphology makes identification exceedingly difficult, if not impossible, using alpha-taxonomy alone ).
These insects exhibit an unusually high degree of sexual dimorphism, as male armored scale insects have three non-feeding instar stages and are winged as adults (Gullan and Kosztarab 1997) . Lacking mouthparts as adults, males do not feed in their winged stage, and only live for about three days. They must therefore locate a female and copulate with her within this relatively short time-frame, in order to successfully reproduce.
Unusual Genetic Systems
Along with a high degree of sexual dimorphism and a bizarre life history, armored scale insects exhibit some of the most diverse genetic systems seen in insects. Male armored scale insects frequently undergo early or late paternal genome elimination (PGE). Both sexes undergo genetic chimerism, in which their bacteriocytes form from polar bodies. Within these bacteriocytes, endosymbiotic bacteria are housed (Normark 2004 ). Normark has identified a wide breadth of unusual genetic systems, many of which are unstable, in armored scale insects, including variability in both ploidy and the constituents of bacteriomes (Normark 2004) .
Extreme polyphagy
It is speculated that armored scale insects are among the very few insect groups that exhibit apparent host-generalism. Some of the features that define well known insect pests include woody host plants usage, flightless adult females, larval dispersal by wind or via soil, extreme population sizes and abundances, and recognition as a common pest. Often, we find that invasive pest species are capable of maintain parthenogenic populations with a coinciding expansive geographical range (Normark & Johnson 2011) . Armored scales have most, if not all, of these features, and are commonly recognized as pests. But are armored scale insects truly generalists? While most insects have an exceptionally narrow range of coevolution with a single host species, or even a few hosts among genera, it was found that 286 armored scale insect species are able to feed on 20 or more families of hosts (Normark & Johnson 2011) . Alongside Noctuid (Noctuidae) moths, soft-scales (Coccidae), and aphids (Aphidae), Diaspidids account for 59 of the species on the list of invasive insect taxa; this is approximately double that of any other family of insects on this list. This generalism is peculiar in the insect world, and thus it has been speculated that this apparent generalism is merely an illusion, masking what is actually a complex assemblage of cryptic species. However, there is a great deal of support for their generalism, most notably, their ability to thrive in both native and non-native habitats and their ability to use a vast multitude of hosts (Miller et. al. 2005) .
Though this study is not focused on the apparent generalism of armored scale insects, it is a unique feature that might help to explain factors underlying their community composition in two habitats. The uniquely sessile nature of the adult female phase is convenient for record keeping; because an adult female spends her entire life feeding on a single host, the collection of a single adult individual represents usage of a single host species throughout her entire life. Therefore, the "tourist" problem does not come into play here, as it does in many other ecological surveys; data supporting evidence of wide host usage can therefore not be dismissed as merely an artifact (Novotny et al. 2002) .
The Niche Explosion Hypothesis
The Niche Explosion Hypothesis (Normark & Johnson 2011) was proposed as an explanation for the apparent generalism observed in armored scale insects. With wind-dispersed larvae, nearly all woody plants in a given area are subject to being "rained down upon" and settled on by larvae. It is proposed that because of their lack of directional-dispersal, natural selection confers upon them the ability to utilize a wide variety of hosts (essentially, they must use the host they land on, or else, they will not survive). With exponentially large population sizes on a single host and wind dispersal capabilities, a positive feedback loop is generated. As host species usage grows, more "infected" individuals accumulate per each host species, and new hosts are colonized more frequently. As natural selection acts more forcibly upon large population sizes, this confers a selective advantage for the accumulation of genetic loci that provide armored scales with the ability to maintain themselves on a wide variety of hosts.
Because of this, population size, host range, and host usage expand markedly, giving it the name Sanders (1969) , predicts that older habitats will generally have a greater species richness and diversity than younger habitats with similar host constituency. Moreover, because older habitats are generally more stable, competitive species interactions more frequently dominate in these communities, resulting in a high species diversity and narrower niche space. Thus, younger habitats, which are less likely to have reached stability, should have a lower species diversity and broader niche space (Abele & Walters 2016) (Sanders 1969 ). Based on this hypothesis, armored scale insect diversity should be higher in an older rainforest canopy, as compared to a 5-year old revegetation plot. This component of island biogeography was used to model a predicted pattern of armored scale diversity, given that these insects have never before been collected in the Australian rainforest.
Community Ecology and Phylobetadiversity
The objective of this experiment was to determine whether or not the principles of island biogeography theory and the time-stability hypothesis (Sanders 1969) can be used to describe the alpha and beta diversity of armored scale insects in a tropical rainforest. In recent years, the study of community ecology has become increasingly integrated with the field of phylogenetics; this has created new avenues of study and has provided us with new tools that allow us to address traditional questions of community ecology using an evolutionary approach (Cavender et. al. 2009 ). Phylobetadiversity is therefore directly relevant to this study and is used to approach complex questions about armored scale insect biodiversity in a tropical rainforest using phylogenetic, as well as community composition data.
In this study, we seek to integrate phylogenetics with concepts of community ecology for a comparative analysis. This approach, known as phylobetadiversity, is similar to a standard metric of beta diversity, but it takes the additional component of evolutionary relatedness into account (Graham & Fine 2008) . In essence, phylobetadiversity allows us to incorporate a time component into our metric of beta diversity. We use this novel approach to investigate the previously unsampled armored scale insect diversity in a tropical rainforest.
MATERIALS AND METHODS
Experimental Design
Armored scale insects were collected from two sites in the Daintree Rainforest of Australia, including (1) an older, well-established rainforest canopy and (2) and an adjacent, 5-
year old re-vegetation plot with similar host plant constituency. Due to the fact that female Diaspidids (the most frequently encountered life stage) are sessile, traditional methods for insect collection such as fogging or sweep netting are not efficacious. Therefore, insects must be collected by hand from leaves and brought to the lab for processing. Trees in both sampling sites were mapped and tag with a species-specific identification number, allowing us to trace back insect samples to their host. Individual trees were assigned a random number, sorted by species and within species accordingly. These randomly assigned numbers were used as "rank orders" within each tree species, allowing us to place them into rounds. For example, round 1 included the first-ranked individual tree from each species present in the sampling area, round 2 including the second, etc. Therefore, in round 1, we sampled from one individual of every host species present. In round 2, a second individual was sampled (from species with >1 individual), etc. When a given tree was found to be dead, inaccessible, or knocked down, we moved on to the next tree in that round.
At each individual, a ten-minute long search was conducted and leaves or leaf-cut outs containing specimens were collected. The length of the branch that was searched within this 10minute period was recorded to approximate the amount of area covered during sampling. A 20cm long twig sample and approximately a 20cm 2 bark sample was also collected. Plant material was assigned a unique lot number and associated with the host species on which it was Shapiro 10 found. The plant material was then processed under a dissecting microscope, where excess foliage was discarded, and armored scale insects were placed into a tube containing 100% ethanol for preservation. Each individual was provided with a unique lot number that could be used to
Canopy Sampling
Trees within the rainforest canopy plot were accessed using a canopy crane access system ( Figure 1 ). The crane measures 47m high and can rotate a full 360° and extending to a 55 meter radius from its center. Thus, approximately 1 hectare of forest is accessible using this crane system.
Ground Sampling
The ground survey conducted in the adjacent 5-year old re-vegetation plot (Figure 1) was necessarily more opportunistic, as collection was conducted on foot. Therefore, the number of trees with accessible foliage for sampling was reduced. Moreover, some of the nascent trees in the plot were not yet identified, as they had not been present during the mapping and tagging process in earlier years. However, for all plants with accessible foliage, the sampling strategy and protocol was identical to that conducted in the canopy. 
Morphological Specimen Preservation
Following DNA extraction, the cuticles of armored scale insect specimens were preserved in water at 20°C. The "skins" were mounted onto slides using standard procedures.
Slides were incubated for several months. Comstockiella sabis was used to root the tree . From this phylogeny, species delimitation was performed. None of the environmental samples could be identified as a previously discovered armored scale species. Only one could be identified to a potential known genus. Using a standard branch length of 0.2, a total of 38 different species "groups" were identified among the environmental samples; they will herein be referred to as "species", but it should be noted that formal taxonomy has not yet been performed on these specimens.
Frequencies for each of 38 species were plotted for the canopy and re-vegetation plots Each of these unique species were assigned a number (sp1, sp2…sp38), and the number of individuals observed in each group were plotted (Figures 3 & 4) . 
Shapiro 16
A collapsed phylogeny was created to perform community data analysis after species delimitation ( Figure 5 ), in which each of the 38 species found is represented by a single tip. Rarefaction curves to analyze the number of species found in each habitat as a function of sample size ( Figure 6 ). This was done to adjust for differences in sample size between the two plots. Beta diversity is shown visually using a ternary plot (Figure 7) , which integrates components a', b' and c'. 
DISCUSSION
Characterization of Alpha and Beta Diversity
It is notable that none of the specimens collected from either sampling plot in the Daintree rainforest could be identified as previously characterized species of armored scale insects. Encounter of new diversity was expected, as armored scale insects have never before been collected in this locality. Through purely qualitative inspection, species frequencies for each of the 38 species found were markedly different between the canopy and the re-vegetation plot. Due to the difference in sample sizes between the two plots (134 individuals collected from the canopy and 85 individuals collected from the ground survey), a rarefaction analysis was used as a visual comparison of species richness, taking into account the unbalanced sampling. After standardization of sample size between the two plots, it was clear that species richness accumulated more rapidly in the canopy than in the re-vegetation plot; this was to be expected under the which was expected under the time-stability hypothesis (Sanders 1969) . In further support of this hypothesis, the Shannon-Wiener index, which takes into account both species richness and species evenness, was greater in the canopy (Hc'= 3.07) than for the re-vegetation plot (Hr' = 2.22), showing a greater alpha diversity in the older, established rainforest canopy (Cadotte et. al. 2010 ).
To address the issue of traditional beta diversity from a pure community-ecology standpoint, Whittaker's index was first calculated, which can take on a value from 0 to 1 (Whittaker 1960) , with a value of 0 being indicative of more homogenous habitats. The value obtained (βw = 0.65) is indicative of high dissimilarity in armored scale diversity between the canopy and re-vegetation plots, suggesting a high degree of beta diversity. Beta diversity can be visually represented using a ternary plot (Figure 7) , which displays the following components along three axes: a' -species richness difference, b' -percent similarity between the two habitats, and c' -species replacement, or species turnover between the two plots (Legendre 2014). These components can be used to infer the two major components of beta diversity: species richness/abundance differences, and species turnover (Koleff et. al. 2003) . The left side of the ternary plot measures a', or species richness differences as a proportion. In these data, (Figure 7) this value is 20%. Thus, there was a 20% difference in species richness between the two habitats. Phylogenetic species variability (PSV), which quantifies phylogenetic relatedness among species in a community independent of any trait data (Vamosi et. al. 2009 ) was nearly the same in both habitats. Phylogenetic species richness (PSR) is the product of PSV and species richness, and this score includes a "penalty" for relatedness of species (Vamosi et. al. 2009 ).This value was found to be higher in the canopy than in the ground survey. Thus, the canopy exhibited greater species richness, even when disregarding the component of homology. Phylogenetic species evenness (PSE) is a metric similar to PSV, but that measures variation among individuals rather than species, utilizing abundance data. This was similar in both habitats, suggesting a rather "even" variance among individuals in both habitats. Finally, phylogenetic species clustering (PSC) allowed us to further measure species relatedness. In concordance with the PD results, the PSC was found to be higher in the re-vegetation plot, providing further evidence for phylogenetic clustering in samples collected from the ground survey and relatively greater phylogenetic dispersion in those samples collected from the canopy ).
CONCLUSION
In conclusion, there is evidence supporting the notion that armored scale insect diversity can, indeed, be modeled according to the tenets derived from island biogeography theory. In particular, the greater observed diversity in the older canopy plot as compared to the revegetation plot was to be expected, in accordance with the time-stability hypothesis (Sanders 1969) . This is further supported by the high degree of beta diversity, or community heterogeneity, between the two habitats, despite the fact that they are not geographically distant from one another and that they have the constituency in tree species.
If armored scale insects are truly generalists, we might expect to see a greater amount of habitat homogeneity, or a lower beta diversity, than what was observed. Future studies should complete further analysis utilizing host information. This information would allow us to discern which armored scale taxa can utilize multiple hosts, and also whether or not multiple armored scale taxa were found on a single host in a certain habitat, compared to that same host in a different habitat. Addition of this dimension will allow us to further elucidate the bizarre life history of armored scale insects and further our understanding of their diversity in natural habitats.
